We analyze the interdependencies between energy usage, energy costs, renewable energy shares, economic growth, and greenhouse gas (GHG) emissions in the Korean industrial sector by employing a time-series panel vector model. Although the topic itself about has been classic one, our research to investigate diverse dynamics between large and small-mid size businesses using micro-firm level data is the first study in literature. Since firms with different sizes are put in different policy circumstances, the aggregate-level data analysis could possibly disregard the effectiveness of environmental & renewable policies and underestimate the policy sensitivity of firms. Our findings demonstrate that the increase in energy consumption in larger firms has a greater impact on their energy costs and GHG emissions than for small and medium-sized enterprises (SMEs). Moreover, it has a significant effect on GDP. Also, the increase in renewable energy shares only has a significant influence on the energy consumption and GHG emission levels of large firms. Sustainability 2019, 11, 3226 2 of 15 that the renewable electricity share negatively affects economic growth due to the cost burdens of producing renewable electric power [15,16]. In addition, most studies, such as those by Menyah and Wolde-Rufael [12], Tiwari [14], Amin et al. [15], Lee and Yue [17], Yu and Mallory [19] and Li et al. [20] have shown that energy consumption increases GHG emissions. However, Magazzino [16] has shown that the energy sector has negligible effects on GHG emissions. Silva et al. [21] and Maslyuk and Dharmarathna [22] have found that renewable energy shares in electricity generation increase GHG emissions; in contrast, Shabbir et al. [23] and Yu and Kim [24] have concluded that the rise in renewable energy consumption could decrease GHG emission levels by substituting non-renewable energy. However, Menyah and Wolde-Rufael [13] and Tiwari [14] have shown that renewable energy consumption could not contribute to the reduction of GHG emissions.
Introduction
We cannot deny that energy consumption from the use of fossil fuels has been a key driver of economic growth as a driving force for industrial development, but at the same time, this is one of the main factors causing environmental degradation and human health [1] [2] [3] . Greenhouse gases (GHGs) such as carbon dioxide (CO 2 ), methane (CH 4 ), nitrous oxide (N 2 O), and fluorinated gases (F-gases) have been released in large quantities from fossil fuel consumption in the industrial sector. Many governments attempt to reduce industrial GHG emissions from industries through environmental policies, but the environmental policies could act as deterrents to business activities. Private companies have come under financial pressure recently as many countries are trying to regulate GHG emissions [4, 5] . The impact of these environmental/energy policies and their impact on the private sector might depend on the size of the entity, the type of energy used and the cost effectiveness of the energy use. A base effect depending on the size of firms could lead to a drastic difference in fuel replacement elasticity for energy prices. Hence, we aim to demonstrate in this paper different dynamics between energy related factors that affect profitability across firms' sizes.
Over the past years, many studies have investigated the impacts of energy factors on economic growth and GHG emissions by using various energy variables, such as energy consumption or portions of renewable energy to general energy consumption. Not many studies focus on heterogenous responses to exogenous shocks based on firm size; most previous research points out that SMEs have shown significantly different practices [6] [7] [8] . Most have found that there are significant and positive relationships between energy consumption and economic growth [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , while others have shown The energy cost data represents the total energy costs of each firm. We derive the total energy costs of firms over one year, as opposed to the unit cost per energy usage. Figure 1 depicts the trend of energy costs for 240 Korean firms in the sample. The energy costs of firms increased by 2008, but then declined from 2008 to 2009 due to the global recession. Energy costs have increased again since 2009, but the fall in international oil prices that began in mid-2014 reduced firms' energy costs. Energy cost data was obtained from Greenhouse Gas Inventory & Research Center of Korea (GIR), Ministry of Environment [30] . Annual firm-level data of energy consumption describes each firm's annual energy consumption, which includes the consumption of both non-renewable and renewable energy. Terajoules (TJ) (terajoule (TJ) is a measurement unit of energy (1 tonne of oil equivalent (TOE) = 0.041868 TJ). J = * where kg is kilograms, m is meters and s is seconds) are employed as a measure of energy consumption to match different usage units according to energy sources. The CO emission data represents the CO emission levels of individual firms. Figure 2 and Figure 3 depict the trends for energy use (average energy usage of all firms in the sample) and CO emissions (average CO2 emission levels of all firms in the sample) in the Korean industrial sector, respectively. According to Figures 2 and 3, energy use and CO emission levels exhibit analogous behavior. Intuitively, it is reasonable to assume that using more energy would result in higher GHG emissions, when the proportion of fossil fuel is high in total energy consumption. The firms' energy consumption growth lowered during 2008-2009 due to decreased demand following the global economic downturn in 2008. As the economy recovers from 2009 onwards, demand rises, resulting in increased energy usage by the firms. In addition, a comparison of the trends of energy usage ( Figure 2 ) and energy costs ( Figure 1 ) reveals that they also appear to move together. This is because more energy usage corresponds to higher energy costs for firms. Data on energy consumption and CO emissions was derived from GIR [30] . Annual firm-level data of energy consumption describes each firm's annual energy consumption, which includes the consumption of both non-renewable and renewable energy. Terajoules (TJ) (terajoule (TJ) is a measurement unit of energy (1 tonne of oil equivalent (TOE) = 0.041868 TJ). J = kg * m 2 s 2 where kg is kilograms, m is meters and s is seconds) are employed as a measure of energy consumption to match different usage units according to energy sources. The CO 2 emission data represents the CO 2 emission levels of individual firms. Figures 2 and 3 depict the trends for energy use (average energy usage of all firms in the sample) and CO 2 emissions (average CO 2 emission levels of all firms in the sample) in the Korean industrial sector, respectively. According to Figures 2 and 3, energy use and CO 2 emission levels exhibit analogous behavior. Intuitively, it is reasonable to assume that using more energy would result in higher GHG emissions, when the proportion of fossil fuel is high in total energy consumption. The firms' energy consumption growth lowered during 2008-2009 due to decreased demand following the global economic downturn in 2008. As the economy recovers from 2009 onwards, demand rises, resulting in increased energy usage by the firms. In addition, a comparison of the trends of energy usage ( Figure 2 ) and energy costs ( Figure 1 ) reveals that they also appear to move together. This is because more energy usage corresponds to higher energy costs for firms. Data on energy consumption and CO 2 emissions was derived from GIR [30] .
Firms' energy use patterns and their energy cost burdens were strongly affected by government energy policies, because national energy policies are directly linked with domestic energy price. Therefore, we also included the national renewable energy share variable in the model to control the stringency of Korean government's renewable energy expansion policy. (The Korean government decided to increase the share of renewable energy in national energy production from the present 8% up to 35% by 2040). The country-level renewable energy shares variable accounts for the ratio of the total renewable energy use to the national total energy use calculated in electricity generation units.
The data was obtained from the Korea Energy Agency. Furthermore, we use the real (inflation-adjusted) GDP data as a proxy for the country's economic growth obtained from Korean Statistical Information Service (KOSIS) [31] . Annual firm-level data of energy consumption describes each firm's annual energy consumption, which includes the consumption of both non-renewable and renewable energy. Terajoules (TJ) (terajoule (TJ) is a measurement unit of energy (1 tonne of oil equivalent (TOE) = 0.041868 TJ). J = * where kg is kilograms, m is meters and s is seconds) are employed as a measure of energy consumption to match different usage units according to energy sources. The CO emission data represents the CO emission levels of individual firms. Figure 2 and Figure 3 depict the trends for energy use (average energy usage of all firms in the sample) and CO emissions (average CO2 emission levels of all firms in the sample) in the Korean industrial sector, respectively. According to Figures 2 and 3, energy use and CO emission levels exhibit analogous behavior. Intuitively, it is reasonable to assume that using more energy would result in higher GHG emissions, when the proportion of fossil fuel is high in total energy consumption. The firms' energy consumption growth lowered during 2008-2009 due to decreased demand following the global economic downturn in 2008. As the economy recovers from 2009 onwards, demand rises, resulting in increased energy usage by the firms. In addition, a comparison of the trends of energy usage ( Figure 2 ) and energy costs ( Figure 1 ) reveals that they also appear to move together. This is because more energy usage corresponds to higher energy costs for firms. Data on energy consumption and CO emissions was derived from GIR [30] . Firms' energy use patterns and their energy cost burdens were strongly affected by government energy policies, because national energy policies are directly linked with domestic energy price. Therefore, we also included the national renewable energy share variable in the model to control the stringency of Korean government's renewable energy expansion policy. (The Korean government decided to increase the share of renewable energy in national energy production from the present 8% up to 35% by 2040). The country-level renewable energy shares variable accounts for the ratio of the total renewable energy use to the national total energy use calculated in electricity generation units.
The data was obtained from the Korea Energy Agency. Furthermore, we use the real (inflation-adjusted) GDP data as a proxy for the country's economic growth obtained from Korean Statistical Information Service (KOSIS) [31] .
Unit Root and Co-Integration Tests
In this study, the panel time-series technique is used to estimate the interrelationship between the five variables. We check the order of integration of each of the series, making them stationary, to obtain robust results. The Levin-Lin-Chu panel unit root test [32] is employed to determine the order of integration in each time series data. The test assumes homogeneity in the dynamics of the autoregressive coefficients for all panel units. We conduct the unit-root test on variables in levels first, and then the first differences of the variables were also tested if variables are not stationary. The null hypothesis of this test is H0: Each individual series have a unit root (non-stationary). The alternative hypothesis is Hl: Each individual series do not contain a unit root (stationary). Table 3 and Table 4 show the results of the Levin-Lin-Chu test for large firms and SMEs, respectively. The results from the panel unit root tests indicate that the energy use, energy cost, GDP and CO emissions variables do not have a unit root. However, renewable energy share variables have a unit root and are integrated of order 1. 
In this study, the panel time-series technique is used to estimate the interrelationship between the five variables. We check the order of integration of each of the series, making them stationary, to obtain robust results. The Levin-Lin-Chu panel unit root test [32] is employed to determine the order of integration in each time series data. The test assumes homogeneity in the dynamics of the autoregressive coefficients for all panel units. We conduct the unit-root test on variables in levels first, and then the first differences of the variables were also tested if variables are not stationary. The null hypothesis of this test is H0: Each individual series have a unit root (non-stationary). The alternative hypothesis is Hl: Each individual series do not contain a unit root (stationary). Tables 3 and 4 show the results of the Levin-Lin-Chu test for large firms and SMEs, respectively. The results from the panel unit root tests indicate that the energy use, energy cost, GDP and CO 2 emissions variables do not have a unit root. However, renewable energy share variables have a unit root and are integrated of order 1. Since unit root tests usually conclude that series are non-stationary, in general, the co-integration test is performed on non-stationary variables after the unit-root test. From the unit root test results, we found that only the renewable energy share variable is integrated of order 1, but the energy use, energy cost, GDP and CO 2 emission variables are integrated of order 0. Thus, we employ the energy use, energy cost, GDP, and CO 2 emission variables in levels and renewable energy share in first difference, which means that all variables in the model are stationary. This implies that we do not need to perform the co-integration estimation, and the panel vector autoregression (VAR) model is more appropriate than the vector error correction model (VECM) to analyze our data.
Empirical Model
The VAR model takes into consideration mutual effects among multiple variables and treats all variables as endogenous. To account for the existence of complex interactions among variables, the VAR framework has been widely used in the various fields. As environmental concerns and the importance of sustainable development have increased, previous studies have used VAR framework to examine the relationship between economic variables and variables related to GHG emissions. Much of these studies were on industrial sector in various countries or regions, using industry aggregate data. However, they did not capture the individual specific characteristics of firms, which could have significant implications for the economic and the environmental variables. In contrast, in this study, we adopt a panel data set to examine unobserved individual specific effects for firms where cross-sectional dimensions are added. Furthermore, we employ the panel VAR model to account for the dynamic interrelationships between energy factors, economic growth and GHG emissions, taking into account the energy consumption characteristics of different sized firms. The panel VAR methodology is well suited to investigate how various shocks in the industrial sector are transmitted across each firm by controlling for unobservable individual effects (cross-sectional heterogeneities). For example, when estimating the impact of firms' energy consumption on GHG emission levels, the individual specific characteristics, such as the degree of employee's knowledge on the environment need to be considered (controlled) to obtain unbiased results. However, it is almost impossible to find data containing all individual information we needed, and thus, the estimation methods using cross-sectional data may not have been able to capture the unobservable individual specific characteristics of firms. Fortunately, the unobservable heterogeneity across different firms can be captured by employing the dynamic panel data approach, which combines the advantage of traditional of VAR methodology with that of panel data estimation technique. (Contrary to cross-sectional and time-series data analysis, panel data allows for including the fixed effect in the model and controlling the influences from unobserved differences across individuals.).
We estimate the following panel VAR of order p:
More explicitly, 
where p denotes maximum lag length and subscript i and t denote firm and year, respectively. The endogenous variable, y i t , is a (6 × 1) vector of endogenous variables, and the lagged variable, y i t−k , is a (6 × 1) vector that reflects the marginal changes from the previous year. In addition, we define the matrix, A i , as an (6 × 6) autoregressive coefficient and the matrix, u i t , as a (6 × 1) vector of errors. We also include the fixed effect (α i ) for each firm for the purpose of controlling the unobserved firm-specific effect and time effect (λ t ) that capture all unobservable time-invariant factors.
Regarding the optimal number of lags, we chose a lag length of one year, which minimizes the different information criterions, to estimate the panel VAR model. We took the natural log of all variables in the model. Since the variables are integrated of order 1 and are not cointegrated, Equation (1) becomes as follows: 
Results and Discussion
We estimate the impulse-response functions (IRFs) showing responses to the shocks in other variables in the system over time. The estimated coefficients in IRF made by log-transformed data can be interpreted as elasticities. Figures 4 and 5 depict the impulse responses of the variables to a one-unit shock in the energy use variable for large firms and SMEs, respectively. As shown in the graphs, a one-unit shock in the energy usage positively affects the energy cost of both large firms and SMEs. In particular, comparing the two groups, we note that the impact of energy consumption shock on energy cost is greater for large firms than for SMEs. Because of the large firms' rigidity in terms of energy composition, they are not easily able to change their energy use behavior (shift their consumption to alternative energy sources) in response to the variation in energy demand. Furthermore, the response of the renewable energy share to one standard deviation shock of the energy consumption is not significant for both figures, implying that energy usage shock has no significant impact on the renewable energy share variable. This could be true given that the consumption of renewable energy is strongly influenced by government policy and exogenously determined in Korea. Hence, it is reasonable to assume that firms do not have incentives to increase renewable energy shares in response to positive energy consumption shocks without government support, since renewable energy is generally still more expensive when generating electricity compared to fossil fuels [33] . In addition, since the economic activities of large firms account for a large portion of the national GDP in Korea, an increase in the energy consumption of large firms has a small but positive impact on GDP. Finally, looking at the bottom-right IRF, we found that there is a positive relationship between firms' energy consumption and CO 2 emission levels, because GHGs are mainly emitted during the fossil fuel burning process. We also found that the impact of energy consumption shocks on CO 2 emissions is greater in large firms than in SMEs. Figures 6 and 7 depict the response to a shock in the energy cost of firms. We can see that the responses of the variables to the energy cost shock are quite similar for large firms and SMEs. As shown in the upper left graphs of both figures, a shock from energy cost has a positive but negligible impact on the energy use of both large firms and SMEs. This result might appear odd: Our intuition says that an increase in the energy costs of firms is expected to have a negative and significant impact on their energy usage. Nevertheless, this occurs because the impact of an energy cost shock (cost effect: An increase in energy cost raises production costs, which reduces a firm's energy usage) is smaller than the impact of a demand change shock (demand effect: An increase in GDP stimulates in Korea Figures 6 and 7 depict the response to a shock in the energy cost of firms. We can see that the responses of the variables to the energy cost shock are quite similar for large firms and SMEs. As shown in the upper left graphs of both figures, a shock from energy cost has a positive but negligible impact on the energy use of both large firms and SMEs. This result might appear odd: Our intuition says that an increase in the energy costs of firms is expected to have a negative and significant impact on their energy usage. Nevertheless, this occurs because the impact of an energy cost shock (cost effect: An increase in energy cost raises production costs, which reduces a firm's energy usage) is smaller than the impact of a demand change shock (demand effect: An increase in GDP stimulates Figures 6 and 7 depict the response to a shock in the energy cost of firms. We can see that the responses of the variables to the energy cost shock are quite similar for large firms and SMEs. As shown in the upper left graphs of both figures, a shock from energy cost has a positive but negligible impact on the energy use of both large firms and SMEs. This result might appear odd: Our intuition says that an increase in the energy costs of firms is expected to have a negative and significant impact on their energy usage. Nevertheless, this occurs because the impact of an energy cost shock (cost effect: An increase in energy cost raises production costs, which reduces a firm's energy usage) is smaller than the impact of a demand change shock (demand effect: An increase in GDP stimulates energy demand). (Korea's GDP has been growing by an annual average of 3.37% from 2007 to 2015 (calculated by an author using GDP data from the World Bank). Moreover, the cost effect is offset by the demand effect. Therefore, the energy cost shock has a positive but insignificant effect on the firms' total energy usage.
Additionally, from the first IRFs in the bottom row, one standard deviation shock in energy costs has a positive impact on GDP for approximately less than one year, but it declines over time. This outcome reveals that the increase in energy costs expands the financial burden of firms, but the magnitude of the energy cost shock is not significant: The response of GDP to firms' energy cost variation is less than 0.001.
Similarly, the bottom-right IRF shows no evidence of any significant relationship between firms' energy costs and CO 2 emissions; the response of energy costs for large firms and SMEs to CO 2 emissions fades out after two years. A positive shock in a short run for firms' energy costs would not lead to significant changes in firms' energy consumption patterns or their CO 2 emission levels, which are mainly created from energy combustion.
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Similarly, the bottom-right IRF shows no evidence of any significant relationship between firms' energy costs and CO emissions; the response of energy costs for large firms and SMEs to CO emissions fades out after two years Figures 8 and 9 illustrate the panel IRFs for the energy factors and CO 2 emissions of firms and national GDP to one-unit change in renewable energy share. As shown in Figure 8 , a shock in the renewable energy share only increases the energy usage for the group of large firms. One possible reason behind this is the financial burdens imposed on the use of fossil fuels that emit GHGs. After the two oil shocks in 1970s, the Korean government has been making effort to enhance energy security by diversifying energy sources. Korea currently has many policies in place, such as energy taxations, an emission trading system (ETS) and a renewables obligation to reduce GHG emissions. The pollution abatement activities usually increase the production costs of firms. However, firms could decrease environmental tax burden on fossil fuels by increasing the renewable energy share; in response to strict environmental policies, large firms can increase their total energy consumption (fossil fuel + renewable energy) without paying additional GHG reduction costs. Therefore, an increase in the renewable energy share leads to an increase in total energy consumption of large firms. On the other hand, SMEs are exempted from many energy or environmental taxation regulations, so their GHGs reduction burden is relatively smaller. Therefore, a positive shock in the renewable energy share has a negligible effect on SMEs' energy use, as demonstrated in Figure 9 .
Looking at the upper-middle IRFs in Figures 8 and 9 , we observe that renewable energy shocks seem to have a greater impact on large firms' energy costs than on SMEs' energy costs. This fact supports our belief that, since renewable energies, such as solar and wind power, are still more expensive than fossil fuels, firms' production costs increase as their renewable energy use among total energy consumption increases. Since large firms use more energy than SMEs, the endogenous national renewable energy expansion shock has greater financial impact on large firms than SMEs. Figure 8 also illustrates that an increase in the renewable energy share increases CO 2 emissions for large firms over time. This is because a positive shock in renewable energy shares increases large firms' total energy usage, including non-renewable energy usage, thereby increasing the CO 2 emission levels of large firms. However, the CO 2 emissions of SMEs are not influenced by shocks in the renewable energy share. As is of the case of other figures, changes in the renewable energy share do not have a significant effect on SMEs' energy consumption; this means that there is no statistically significant relationship between the renewable energy share and SMEs' CO 2 emission levels from energy consumption.
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Conclusions and Policy Implications
We showed different dynamics in energy consumption and GHG emissions under environmental regulations by firm size in the Korean industrial sector. By splitting the firm-level micro data on Korea during 2007-2015 into two groups, large firms and SMEs, we showed the heterogeneous dynamics of energy and environmental factors in each of these two groups. Differences in total assets, number of employees, or energy consumption behavior exhibited different dynamics in variables.
This study departs from previous studies on energy and environmental sectors in Korea in that we use the dynamic panel data approach with firm-level micro data. We derived the results consistent to those of previous studies using aggregate data: An increase in energy consumption increases the energy cost and CO emissions, and CO emission levels increase as the economy expands (positive GDP growth) for both the two groups. However, we also found different dynamics among the two groups which could not be observed in previous studies: First, the energy 
Figure11.
Response to GDP (SMEs).
Conclusions and Policy Implications
This study departs from previous studies on energy and environmental sectors in Korea in that we use the dynamic panel data approach with firm-level micro data. We derived the results consistent to those of previous studies using aggregate data: An increase in energy consumption increases the energy cost and CO 2 emissions, and CO 2 emission levels increase as the economy expands (positive GDP growth) for both the two groups. However, we also found different dynamics among the two groups which could not be observed in previous studies: First, the energy use of large corporations has a greater effect on their energy costs in comparison to SMEs. The main possible reason for this is the different rigidity of the energy composition of the two groups: Large corporations have a structure that makes it difficult to change the composition of energy sources in response to an increase in energy consumption shock, while SMEs' energy sources are relatively easy to replace with other energy sources due to energy costs account for a small proportion of total production costs in manufacturing SMEs (ODI, 2014). Second, large firms' energy consumption has a statistically significant positive impact on GDP, while the increase of SMEs' energy consumption brings a very small, and thus negligible, influence on GDP. In addition, a positive shock in GDP has a significant effect on the energy consumption of large firms and a much greater impact on the CO 2 emissions of large firms than those of SMEs, which reflects the large contribution of large firms to the Korean economy. Large firms' production activity, and thus their total energy usage, increases as the overall economic situation improves (positive shock in GDP), while that of SMEs does not. Third, in terms of the other different dynamics between large firms and SMEs, we found that as the share of renewable energy increases, only the energy consumption and CO 2 emission levels of large firms increase, while SMEs do not. This could be a result of the fact that renewable energy policies, such as renewable portfolio standards (according to which a part of total energy use should be composed of renewable energy), are mainly associated with large firms. Despite the popular belief that a regulation policy, such as RPS, that aims to increase the use of renewable energy leads to a decrease in fossil fuel consumption, large firms facing such regulations do not reduce GHG emissions. Rather, increasing the share of renewable energy can increase total energy consumption levels and allow for more greenhouse gas emissions. It is possible that power generation using renewables may only increase electricity reserves, without, however, affecting a firm's intention to switch fuels.
As extensions of this paper, possible future research using micro-firm data could be various: Analyzing the impact of more detailed information about firms (such as total revenue, profitability or trade dependency) on GHG emissions and energy consumption, the effect of different dependencies of firms on trade on the effectiveness of domestic policy, or having uncertainties on baseline emissions. It is also possible for GHG emissions to respond inelastically to changes in trade dependence.
